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Abstract
Objectives: Mastication is a crucial function for the elderly, and promotes oral health status, cognitive function and the physical constitution. Most reports about 
occlusion patterns and occlusal glide of adults have reported the jaw movement at the lower incisal point due to easiness of evaluating masticatory performance. The 
purpose of this study was to test the hypothesis that dynamic occlusal contact area (OCA) during chewing differ for each tooth on the working vs. the balancing 
chewing side.
Design: In thirteen healthy Japanese females, OCA was estimated with a measurement system combining 3-D tracking of mandibular movements with 3-D 
digitization of tooth shape.
Results: The starting of occlusal contact between teeth at working side and balancing side did not differ significantly. In contrast, ending of occlusal contact of teeth 
at balancing side were markedly longer than that of teeth at working side at lateral incisor, canine, and first premolar. The dynamic sum of OCAs for all teeth was 
symmetrical around maximum closed position (MCP) when chewing on the working side. In contrast, the dynamic sum of OCA peaked after MCP when chewing 
on the balancing side. In working and balancing side, sums of maximum OCA at all posterior teeth accounted for 93%, 86% of sum OCA for all teeth at working 
and balancing sides, respectively.
Conclusion: Our result suggested that the hypothesis that dynamic OCA during chewing differ for each tooth on the working vs. the balancing chewing side was 
not accepted at molars.
Correspondence to: Issei Saitoh, DDS, Ph.D, Division of Pediatric Dentistry, 
Niigata University Graduate School of Medical and Dental Sciences, 2-5274, 
Gakkocho-Dori, Chuo-ku, Niigata, 951-8514, Japan, Tel/Fax: +81 – 25 – 227 – 
2911 / +81 –25 – 227 – 2911; E-mail: isaito@dent.niigata-u.ac.jp 
Key words: balancing side, dynamic occlusal contact area, gum-chewing, multi-
level linear model, working side
Received: October 19, 2017; Accepted: November 06, 2017; Published: 
November 09, 2017
Introduction
Mastication is one of the essential functions that promotes and 
preserves general health. Chewing ability is associated with not only 
oral health status but also cognitive function [1] and the physical 
constitution of the elderly [2]. Occlusal disharmony in animal models 
can have a deleterious effect on the hypothalamic-pituitary-adrenal axis, 
resulting in higher levels of stress [3,4] that might impair spatial memory 
[5,6]. Okada revealed that chewing ability was a significant predictor of 
serum albumin concentrations [2], and some reports have suggested that 
chewing ability might be related to nutritional status in the elderly [2,7,8]. 
Masticatory performance is influenced by various factors, including 
malocclusion, periodontal disease, number of occluding teeth, bite 
force, and dynamic occlusal contact area (OCA) [9,10]. According to 
Wilding and Owens, there is a correlation between larger OCA and 
healthy masticatory performance [10,11]. Subjects with larger areas of 
occlusal contact and near contact are better able to break down food [10].
Malocclusion, periodontal disease, and the number of occluding 
teeth are significantly related to decreasing OCA. Subjects with 
malocclusion present with smaller OCA [12,13] and lower masticatory 
efficiency than those with normal occlusion [12]. In subjects with 
periodontitis both the mean bite force and OCA values are less than in 
a healthy control group [14]. Poorer chewing performance results from 
a reduction in the number of occluding teeth [15]. Therefore, OCA is 
an important factor in the evaluation of oral conditions.
Most papers about occlusion patterns and OCA of adults have 
reported the jaw movement at the lower incisal point due to easiness 
of evaluating mastication. Because mastication is mainly performed at 
the molars [16], it is necessary to evaluate dynamic OCA at every tooth 
during the occlusal phase.
The purpose of this study was to test the hypothesis that dynamic 
OCA and occlusal glide during chewing differ for each tooth on the 
working vs. the balancing chewing side.
Materials and methods
Human subjects
Thirteen healthy, dentate women with permanent dentitions (none 
had third molars or large fillings, including crowns or fixed partial 
dentures), between 18 and 26 years of age (average 20 years and 7 
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months), were asked to participate in this study. Only adult females were 
selected to exclude variability in chewing because of gender differences 
[17]. For a subject to be included, she had to meet the following criteria: 
(1) no pain during temporomandibular joint and muscle palpation, (2) 
no joint sounds, (3) a maximum opening greater than 40 mm, and (4) 
deviations or deflections less than 2.0 mm [18]. Prior to entering this 
study, informed consent was obtained from each subject and the study 
was reviewed and approved by the ethics committee of the Faculty of 
Dentistry, Kyushu University).
Experimental task
Each subject was given a stick of chewing gum (New TRIDENT, 
Warnar Lambart, 1.6 gram). Gum was chewed until soft before jaw 
movements were recorded. Starting from the maximum intercuspal 
position (ICP), each chewing sequence was recorded over a period of 
20 s to 30 s and two chewing sequences were recorded for each subject. 
Chewing gum was chosen because it forms a more consistent bolus 
than real food, producing a more consistent masticatory pattern over 
many cycles [19].
Measuring system
Details about the measuring system have been reported 
previously [20], however, a brief description follows. Silicon-based 
registrations (Exafine, GC Co., Inc., Tokyo, Japan) were taken and 
poured immediately in dental stone (New Fujirock White, GC Co., 
Inc., Tokyo, Japan). Morphologic data from the resulting dental 
models were measured using an automatic 3-D digitizer (Figure 1a,b) 
(TRISTATION 400FE: NIKON INSTEC, Co., Inc., Tokyo, Japan). 
This contact-type digitizer records the three-dimensional coordinates 
of the surfaces of the dental models at 0.2 mm intervals (Figure 1c). 
For digitizing, the dental models were mounted on a stone table. The 
digitizing probe can digitize over a region of one or two teeth creating 
a 0.2 mm interval mesh (about 5000 points). Then the region being 
digitized is adjusted to cover adjacent teeth until the entire dental arch 
has been digitized. Once all coordinates (about 40,000 points on each 
dental arch) were recorded, a mathematical data mesh was constructed 
with intervals of 0.2 mm (Figure 1d).
Mandibular movement was measured using an optoelectronic 
analysis system (TRI-MET, Tokyo-Shizaisha, Tokyo, Japan) with 6 
degrees-of-freedom (Figure 1e,f). The accuracy of this optoelectronic 
instrument in bench tests is better than 0.19 mm [21]. Each subject 
was asked to maintain their static ICP with slight force between the 
teeth for 2 s of recording of ICP position. The recorded motion data 
from the light emitting diodes rigidly attached to the subject’s upper 
and lower dentition was transferred to a computer workstation. The 
motion data was transformed to generate a reference frame with the 
origin of the coordinate axes defined as the medial tip of the lower left 
central incisor. The horizontal plane (Occlusal plane) extended from 
the origin to the left and right distal cusp tips of the lower permanent 
first molars on each subject’s dental model using a three-dimensional 
digitizer (XYZAX-PJ400A). The coordinates of the right and left molars 
and lower left central incisor were transferred to the workstation.
Data from both the TRIMET and TRISTATION were transformed 
to a newly defined coordinate system with its origin at the mesial tip of the 
lower left central incisor at the ICP. The occlusal plane extended from the 
origin to the tips of the right and left distal cusps of the lower first molars.
Data processing
A special computer program automatically identified each 
maximum opening position of the lower incisor and the two maximum 
closing positions (MCPs) on either side of the maximum opening. 
Based on these maximums the entire chewing sequence was divided 
into a series of chewing cycles, and ten cycles from the middle of the 
sequence were selected for analysis. Each selected occlusal phase of a 
cycle was divided into its closing and following opening strokes at the 
MCP. The last 3.0 mm (3D straight-line distance) of the closing stroke 
and the first 3.0 mm of the following opening stroke were defined 
as boundaries for the analysis. The three-dimensional straight-line 
distance travelled by the lower incisal point (IP) was defined as the ‘‘IP 
Distance’’ (Figure 1g). This region includes the expected length of the 
occlusal glide [22] and has often been used for functional analyses [23]. 
Because subjects were instructed to chew normally, the working 
side could change from one occlusal phase to the next. To compare 
opening and closing strokes regardless of chewing side, the movements 
were standardized by inverting the y-axis (right-left) coordinates when 
the closing stroke was located on the right side. This transformation 
put the working side of all chewing cycles on the left side and put the 
balancing side on the right side.
The IP distances for both the closing and opening strokes were 
divided into 0.1 mm intervals, creating a total of 61 mandibular 
positions, including the MCP and 30 positions for each closing and 
opening stroke (Figure 1g). At each of these positions, distances from 
all points on the mandibular model to all points on the maxillary 
model were calculated, and the minimum distance for each point 
on the mandibular model was identified. Previous studies suggest 
that a clearance of less than 0.2 mm corresponds to occlusal contacts 
occurring in this system [24], confirming the results of Lujan-Climent 
, et al. for fixed prosthodontic restorations [25]. Therefore, the OCA of 
each tooth on the mandible was calculated as the sum of all areas with 
0.2 mm or less distance between tooth surfaces.
The morphological data (mathematical data mesh) from each 
model consisted of points that were 0.2 mm apart on the horizontal 
plane. If the surface of the dentition had been flat, each point would 
represent an area of 0.04 mm2. However, the occlusal surface was 
curved, and each point in the model had a different vertical value. 
Therefore, the vertical values of surrounding points were considered 
when calculating the area at each point. When the clearance of a mesh 
point on the mandible was less than 0.2 mm, the covered area at this 
point on the mandible was calculated and stored. The sum of these 
stored values for all points on the mandible was the total OCA at each 
position of the mandible.
The statically determined maximum possible OCA was calculated 
by transforming all coordinates on the upper and lower dentitions 
(recorded by TRISTATION) to a newly defined coordinate system with 
its origin at the mesial tip of the lower left central incisor at the static 
ICP. The OCA of each tooth was calculated using the sum of all areas 
with mesh points having less than 0.2 mm of clearance. The maximum 
possible OCA at the ICP was the sum of the occlusal contact areas of 
each tooth.
We defined the starting of occlusal contact (SOC) and the ending 
of occlusal contact (EOC) as the one-line distance from the starting 
position of occlusal contact to MCP and the one-line distance from the 
ending position of occlusal contact to MCP, respectively. The length 
of occlusal glide (LOG) of each tooth was defined as length from SOC 
to EOC. The LOG was calculated as more than 0.2 mm, when upper 
and lower teeth contacted at more than one point. On the other 
hand, the LOG was set to 0 mm, when upper and lower teeth did 
not contact at all.
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Figure 1. Morphologic and mandibular movement analyzing system.  (a, b) Automatic 3-D digitizer.  (c) Plot of the resulting morphologic data from a measured dental model.  (d) A 
mathematical data mesh constructed with intervals of 0.2mm.  (e) Optoelectronic analysis system with 6 degrees-of-freedom.  (f)  Frontal view an example of the chewing movement from 
a single individual for 20 seconds using the optoelectronic analysis system.  (g) Frontal view an example of the incisor pathway from a single individual 3.0 mm from maximum closed 
position (MCP).  IP Distances are defined as the 3-D straight-line distance for each 0.1 mm along this pathway.  The IP Distance for both the closing and opening strokes were divided into 
0.1 mm intervals, creating a total of 61 mandibular positions. 
Using MLwiN software (University of Bristol), multilevel linear 
analysis was used to estimate: (1) differences between SOC and EOC, 
between SOC of teeth on the working side and that of teeth on the 
balancing side and between EOC of teeth on the working side and that 
of teeth on the balancing side, (2) differences between LOG of teeth 
on the working side and that of teeth on the balancing side, and (3) 
distribution of OCA areas at 31 mandibular positions. This statistical 
analysis has been previously applied to the analysis of chewing 
movement [26, 27], excursion [20], occlusal contact area [28] and 
electromyographic (EMG) activity [29]. 
The multilevel models were composed of two parts, fixed and 
random. The fixed part estimated the population parameters, which 
closely correspond to the mean estimates of traditional analyses. The 
standard errors associated with each parameter were also estimated. 
The random part estimated variation at different hierarchical levels, 
with one level nested within the preceding level. The two levels 
pertained to random variation between subjects and between the 10 
cycles within each subject [30,31].
Results 
Differences between the SOC and EOC of each tooth, between 
SOC of each tooth on the working side and that of each tooth on the 
balancing side and between EOC of teeth on the working side and that 
of teeth on the balancing side are shown in Table 1. SOC between teeth 
on the working side and balancing side did not differ significantly. In 
contrast, EOC of teeth on the balancing side were markedly longer 
than that of teeth on the working side for the lateral incisor, canine, 
and first premolar. SOC was significantly shorter than EOC for the 
anterior teeth on the balancing side, but SOC and EOC did not differ 
significantly at the molars. 
In Table 2 LOGs of the lateral incisor, canine and first premolar on 
the balancing side were significantly longer than those on the working 
side with. On the other hand, the LOGs at the second premolar, first 
molar, and second molar, did not differ significantly LOG between the 
working and balancing sides.
Table 3 shows that inferior-superior chewing movement is 
described with an tenth order polynomial (Constant, PCD1…PCD10). 
Shifting values of the OCA of the anterior teeth during the occlusal 
phase is shown in Figure 2. The dynamic sum of OCAs for all teeth 
(both anterior and posterior) was symmetrical around maximum 
closed position when chewing on the working side (solid line). In 
contrast, the dynamic sum of OCA peaked after the maximum closed 
position when chewing on the non-working side (dashed line). On the 
working and balancing sides, maximum OCA at each anterior tooth 
was not more than 10 % of the sum of maximum OCAs of all teeth, 
respectively. Moreover, the peak OCA for the sum of all teeth on 
the balancing side was higher than that in the sum of all teeth on the 
working side. The peak OCA of each tooth on the balancing side was 
not always higher than that of each tooth on the working side. For the 
anterior teeth, the peak OCA shifted more towards the opening side 
than towards the closing side. 
Shifting values of the OCA during occlusal phase at the posterior 
teeth was shown in Figure 3. On the working and balancing sides, 
the sum of maximum OCAs at first and second molars accounted for 
71 %, 62 % of the sum of maximum OCAs for all teeth, respectively. 
Moreover, on the working and balancing sides, the sum of maximum 
OCAs of both molars accounted for 93 %, 86 %, respectively, but the 
peak OCA of each tooth on the balancing side was not always higher 
than that of the corresponding tooth on the working side. Shifting 
values of OCA were approximately symmetrical for each tooth on the 
working side. In contrast, corresponding plots of shifting OCA values 
for each tooth were asymmetrical on the balancing side.
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Working side Balancing side Difference(SE)
Central incisor 0.316 0.280 -0.036(0.283)
Lateral incisor 0.186 0.221 0.035(0.195)  
Canine 0.272 0.658 0.386(0.254)  
SOC First premolar 0.674 0.757 0.083(0.212)  
Second premolar 0.655 0.614 -0.041(0.208)  
First molar 0.934 1.094 0.160(0.193)  
Second molar 0.998 1.020 0.022(0.228)  
Central incisor 1.079 0.827 -0.252(0.347)  
Lateral incisor 0.567 1.105 0.538(0.236)*
Canine 0.638 1.168 0.530(0.264)*
EOC First premolar 0.567 1.184 0.617(0.225)* 
Second premolar 0.577 0.965 0.388(0.218)  
First molar 0.991 1.173 0.182(0.237)  




SOC: Starting of Occlusal Contact, EOC: Ending of Occlusal Contact
SE: Standard Error
*P<0.05; **P<0.01
Table 1. Comparison of the estimated SOC and EOC (mm) of each tooth between working and balancing sides during the occlusal phase of chewing (n=13).
Figure 2. Comparisons of plots of multilevel linear models of the OCA between the working side (solid line) and balancing side (dashed line) of each anterior tooth.  W: working side; B: 
balancing side. 
Working side Balancing side Difference(SE)
Central incisor 0.849 0.649 -0.200(0.365)  
Lateral incisor 0.505 1.147 0.642(0.278)* 
Canine 0.775 2.015 1.240(0.334)**
First premolar 1.422 2.133 0.711(0.347)**
Second premolar 1.426 1.769 0.343(0.378)  
First molar 2.125 2.467 0.342(0.414)  
Second molar 2.262 2.299 0.037(0.469)  
Table 2. Comparison of the estimated LOG (mm) of each tooth between working and 
balancing side during the occlusal phase of chewing.




Evaluating dynamic OCA during chewing is more difficult than 
measuring OCA at static mandibular positions. Previous reports have 
measured OCA at the ICP or during chewing by using occlusal paper 
[32], occlusal strips [33], the Dental Prescale® system [34], occlusal 
registration material [10,35], a sensor-sheet [36] or the T-scan® system 
[37]. These materials can easily measure OCA in a clinical setting, 
however, estimating occlusal contacts during mastication is difficult. 
Alcan reported an OCA of 25.22 mm2 using the Dental Prescale®, 
and Nishigawa suggested an OCA of 21.71 mm2 using black-colored 
silicone. The results in this study were considerably larger (61.6 mm2) 
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Figure 3. Comparison of estimated OCA between the working side (solid line) and balancing side (dashed line) of each posterior tooth.  W: working side; B: balancing side. 
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Table 3. Multilevel (two-level) estimates of chewing movement as a percent of cycle distance (PCD) with random variation.
SOC: Starting of Occlusal Contact, EOC: Ending of Occlusal Contact
SE: Standard Error
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than those previous studies. On the other hand, Julien, reported an 
OCA of posterior tooth of 54.5 mm2 at MCP for women using silicon 
impression material [38], and this result is close to our value (OCA of 
posterior tooth at MCP of 55.0 mm2). In our study, the OCAs were 10.9 
mm2 for the lower first molar (working side) at MCP, 11.9 mm2 for the 
lower first molar (balancing side), 8.74 mm2 for the lower second molar 
(working side), and 8.09 mm2 for the lower second molar (balancing 
side). However, Abe reported OCAs for individual maxillary and 
mandibular teeth statically at ICP of 3.0 mm2 for the lower first molar 
and 5.1 mm2 for the lower second molar [36], results smaller than in our 
study. Abe used an inflexible sensor-sheet that was unable to measure 
detailed occlusal contacts. Because our measuring system acquires 
the OCA data from both the TRIMET and TRISTATION, we could 
evaluate the three-dimensional date which nearly equal to natural jaw 
movement of masticatory performance. 
Past reports have failed to show any significant difference between 
OCAs on the right and left sides [10,39], or between working and 
balancing sides [40] in normal adults. These studies used occlusal wax 
or the Dental Prescale® bilaterally and were static measurements rather 
than dynamic measurements during mastication. In comparison, our 
study detected a smaller OCA on the working side (lateral incisor, 
canine and first premolar) than on the balancing side. These differences 
may be due to gum intervening between the upper and lower teeth only 
when chewing on the working side.
Our study suggests that the SOC was significantly shorter than 
EOC for the anterior teeth. Sagittal angles, defined as the angles from 
posterior to anterior, of adults on the closing pathway were smaller 
than those on the opening pathway and chewing pathway described 
the trajectory from back to front in occlusal phase [26]. Moreover, 
our study showed that the EOCs of the lateral incisor, canine, and first 
premolar teeth on the balancing side were significantly longer than 
those of the corresponding teeth on the working side. The LOGs of 
lateral incisor, canine and first premolar teeth on the non-working 
side were also significantly longer than those for corresponding teeth 
on the working side. For the above reason, LOG might be affected by 
EOC. Saitoh showed that frontal angles, defined as the angles from the 
working side to the balancing side, of adults on the closing pathway 
are larger than those on the opening pathway and chewing pathway 
described the trajectory from working side to balancing side [26]. 
Considering these pathways of sagittal and frontal angles, anterior 
teeth contacted earlier than posterior teeth; therefore, this research 
might support our results.
In conclusion, our result suggested that the hypothesis that 
dynamic OCA during chewing differ for each tooth on the working vs. 
the balancing chewing side was not accepted at molars in this study. 
We could clarify details of dynamic OCA which we were not able to 
watch dynamic occlusal contacts directly. The methods in this study 
might be valuable for the diagnosis before treatment and evaluation 
after treatment for patients with malocclusion, periodontitis and tooth 
missing.
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